Introduction
Many common laboratory procedures produce microbefilled droplets that contaminate work surfaces and workers' fingers, hands, and wrists (HHS, 2009; Collins, 1999; Evans, 1990; Reitman, 1954a; Reitman, 1954b; Reitman, 1954c; Stern, 1974) . Once hand contamination has occurred, workers can inadvertently carry pathogens outside of the laboratory or accidentally transmit pathogens on their hands to their eyes, nose, mouth, or broken skin. While biological safety cabinets (BSCs) and other aerosol containment devices limit inhalation exposure, there is not currently an effective engineering control that prevents hand contamination. Gloves are used in the laboratory to limit skin contact with pathogens, but gloves may leak and workers may spread contamination to their hands during glove removal (Korniewicz, 1993; Muto, 2000; Phalen, 2011; Tenorio, 2001 ). Thus, a viable substitute for laboratory workers' strict adherence to soap and water hand washing (HW) does not currently exist. Current HHS/CDC/ NIH guidelines recommend HW be performed by workers in biosafety level 2 (BSL-2) containment after working with potentially hazardous materials and before exiting the laboratory (HHS, 2009) .
The goal of plain (non-antiseptic) soap and water HW is to mechanically remove enough pathogens that hand transmission will not occur. Whether this goal is met largely depends on the quality of HW performed by the worker. HW quality depends on several factors, the most important of which are duration of scrubbing, lathering of soap, amount of friction applied during HW, and the number of surfaces covered (Brock, 2002; Larson, 2006) . Among these, duration of scrubbing may be the most important. Rotter (2012) reported that scrubbing with plain soap and water for 15 seconds will decrease bacterial counts on workers' hands by 0.6 -1.1 log 10 reductions, while scrubbing for 30 seconds will decrease bacterial counts 1.8 -2.8 log 10 reductions. For hand-operated sinks, turning off the faucet with a paper towel is important to prevent recontamination of the hands (Hunt, 2006; Mermel, 1997) .
The effectiveness of HW is also compromised when rings or other jewelry are worn. Alp (2006) found that clinical laboratory workers are more likely to carry pathogens out of the lab on their hands when rings or wrist watches are worn during the work shift. The authors reported poor compliance with a no jewelry policy, which included a prohibition on the wearing of rings, wrist watches and bracelets. Trick et al. (2003) likewise found that hand hygiene using soap and water or alcohol-based gel is significantly less effective when rings are worn by nurses. Current CDC/ NIH guidelines do not specifically prohibit the wearing of jewelry at BSL-2 and BSL-3 containment, but this may be an important consideration when evaluating potential hand transmission of laboratory pathogens.
Over 80% of laboratory-associated infections (LAIs) cannot be traced back to a known exposure incident (Pike, 1976; Sulkin, 1951) , and inadvertent hand transmission may explain many of these cases. Proper HW is currently recognized as the best available practice for removing transient pathogens from laboratory workers' hands; however, little is known about the hand hygiene behaviors of laboratory workers. What behavioral research has been done has focused on medical or public health laboratory workers Hand Washing Quality among Biosafety Level 2 Research Laboratory Workers (Alp, 2006; Evans, 1990) rather than on research workers who are thought to have the highest risk of infection (Harding, 2006; Pike, 1976) . The purpose of this study, therefore, was to evaluate, by direct observation, the quality of soap and water HW among BSL-2 research laboratory workers. Secondarily, this study sought to evaluate the frequency of jewelry use that might affect the removal of pathogens during washing.
Materials and Methods
This cross-sectional study was conducted in 21 BSL-2 laboratories at the University of Utah. Laboratories were identified through registration records maintained by the university's Institutional Biosafety Committee (IBC) and the university's Department of Environmental Health and Safety (EHS). All personnel engaged in basic research in each lab were invited to participate. All labs met CDC/NIH BSL-2 facility requirements, including the requirement to have a sink for HW. This study was reviewed and approved by the University of Utah's Institutional Review Board.
From May to December 2009, two study personnel measured the quality of laboratory workers' HW and the presence of hand or wrist jewelry worn by workers while they performed their normal work activities in BSL-2 containment. HW opportunities were based on CDC/NIH BSL-2 criteria, which recommend washing after working with infectious agents and prior to exiting the lab (HHS, 2009 ). An HW event was recorded if the worker made any overt attempt to clean his/her hands by washing with water, even if soap was not used. Hand sanitizer use was also recorded. All measures were collected by direct observation with study personnel sitting or standing in the BSL-2 laboratory while participants conducted their normal work activities. All observations were recorded on a standardized data collection form. Participants consented to be observed while performing "laboratory procedures" but were not told that HW quality or jewelry use would be measured.
HW quality, jewelry use, laboratory characteristics, and task information were recorded on the Laboratory Behavior Observation Tool (LBOT), a standardized data collection form developed for use in this study. HW quality was measured on the LBOT using a modified version of the hand washing assessment tool (HAT) described by Brock (2002) . The components of friction, splashing, and hand position were removed from the HAT to simplify measurement. Components of workers' HW that were measured included duration of scrubbing, use of soap, surfaces covered, rinsing, and drying (Table 1 ). All hand-washing components were scored and weighted the same as they appear on the HAT with the exception of "drying." Drying was weighted as a 2 instead of a 1. This modification was made to place greater emphasis on the importance of turning off the faucet with a paper towel to prevent recontamination of workers' hands, and seemed warranted based on evidence that contaminated faucet handles can lead to LAI outbreaks (Mermel, 1997) . A maximum score of 20 was possible for subjects who correctly performed all HW components.
SPSS software (Version 20.0, SPSS, Inc., Chicago, IL, USA) was used to analyze means, medians, standard deviations, proportions, and to compare differences in HW quality between groups. Comparisons of quality by gender and job title were analyzed by independent-samples t-test and 1-way analysis of variance (ANOVA), respectively.
Results
A total of 107 workers from 23 BSL-2 labs consented to the study; however, 14 subjects were unavailable for either observations or the final survey. The final sample (N = 93) consisted of subjects from 21 BSL-2 laboratories. Laboratory staffing ranged from 1 to 9 workers with a median of four participants per laboratory. Participants included research professors, postdoctoral students, research associates, research fellows, graduate students, laboratory technicians, and medical doctors involved in BSL-2 research. Par- ticipants were predominantly male (56%). Research associates (n = 5) and research fellows (n = 2) were grouped with postdoctoral students, and medical doctors (n = 2) were grouped with research professors (principal investigators) in the analysis. Study personnel recorded 61 soap and water washes and one instance of hand sanitizer use during 118 hours of observation. Observers spent an average of 5.6 hours (SD = 3.1 hours) in each lab. The frequency of HW was low, and in 12 labs there was not a single instance of HW performed over the course of the study. Thus, all observed washes were performed by 23 (25%) subjects from nine different labs. One subject washed twice, but the observer was unable to measure all components of either wash, leaving a total of 22 subjects whose HW techniques were evaluated. Of the 22 subjects whose HW techniques were evaluated, observers were unable to score 12 due to equipment or people obstructing the line of sight, resulting in 49 washing events that were scored on the LBOT. The average of scores was used in cases where multiple washes were measured for a single participant. HW scores by gender and job title are listed in Table 2 . On average, males' modified HAT scores were 1.8 points higher than females, but the result was not significant (t(20) = -.912, p = .373). Graduate students and lab technicians also appeared to wash more thoroughly than post-docs and research professors/MDs, but this difference was not significant (F (3, 18) = .357, p = .784).
The average HAT score was 11.3 (SD = 4.2), ranging from 2.0 -18.0 points. The average score for scrubbing was 1.9 out of 6.0 points. Duration of scrubbing was 9 seconds or less in 84% of HW events. Soap was used in 45 (92%) washes. However, in 25 (51%) cases where soap was used, lathering was not visible to the observer. The four (8%) washes that were performed without soap occurred in two separate labs. The average score for soap usage was 2.7 out of 4.0 points. Observers recorded only 16 (33%) cases where participants covered dorsal, wrist, palm, and interdigital areas as recommended. Rinsing was observed in 98% of cases. In 29 (59%) HW events, the subject turned off the faucet with bare hands rather than using a paper towel. Of the 20 remaining cases, 13 (27%) used footoperated sinks and 7 (14%) used the paper towel to turn off the faucet. Means and standard deviations for HW components are provided in Table 2 .
Of the 21 participating laboratories, 19 had at least one employee who wore jewelry on the hands and/or wrists during observation periods, and overall, workers were more likely to wear hand or wrist jewelry than not (Figure 1) . Of the 93 subjects observed over the course of the study, 60 (65%) wore jewelry in the containment lab. When analyzed by gender, 76% of females and 56% of males were observed wearing rings, wrist watches, or bracelets or a combination of the three, with rings being the most common (Figure 2 ). There was no statistical difference between males and females in use of rings or wrist watches; however, females were more likely to wear bracelets than males (X 2 (1) = 8.851, p = .003).
Discussion
In this study, we evaluated the quality of HW among research-oriented BSL-2 laboratory workers. Our results show HW quality was poor across four of the five quality indicators measured. Specifically, workers spent too little time scrubbing, routinely washed without sufficient lathering of soap, failed to cover all recommended hand and wrist surfaces, and often risked recontamination by turning off the faucet with bare hands. Among the quality indicators evaluated in this study, duration of scrubbing is perhaps the most important. Scrubbing for 30 seconds is recommended for both healthcare and laboratory workers, presumably to approach a 99.0% to 99.9% reduction in transient microbes on the hands (Rotter, 2012; Vesley, 2000) . However, we found that laboratory workers rarely scrub for longer than 10 seconds; a result similar to that found in the healthcare setting (Boyce, 2002) . The impact of low scrubbing duration on workers' overall LAI risk is unknown, but may present the greatest risk when high concentrations of Table 2 Component and total HAT scores for hand washing by gender and job title.
Maximum Score = 20 Research Professor/MD (n=2) 1.00 1.41 2.00 0.00 1.00 1.41 1.50 0.71 3.00 1.41 8.5
Graduate student (n=4) 2.00 0.82 2.75 0.96 1.92 0.69 1.88 0.25 3.00 1.15 11.54 pathogens are used or when agents with a low infectious dose are handled in the laboratory. These factors should be considered carefully during risk assessments. The risk of hand and surface contamination during laboratory procedures is substantial enough that current CDC/NIH guidelines state, "…exposure to droplet contamination requires as much attention in a risk assessment as the respirable component of aerosols." (HHS, 2009) . While inhalation of infectious aerosols presents the greatest risk to workers at BSL-3 and BSL-4, hand transmission may be the single most important route of exposure in BSL-2 laboratories. Agents handled at BSL-2 typically infect Figure 1 Proportion of staff in participating laboratories who wore rings, wrist watches, or bracelets while in BSL-2 containment.
Number of laboratory personnel reflects only those workers in each participating lab who consented to the study and who were available for observation during the course of the study.
Figure 2
Type of hand and wrist jewelry worn in BSL-2 containment.
*Indicates the number of workers within gender that wore the particular type of jewelry at any time during the observation period. Total sample included 52 males and 41 females. through injection, ingestion, direct contact with mucous membranes on the eyes, nose, or mouth, or through broken skin; routes of transmission that, excluding injection, can occur easily with contaminated fingers, hands, or wrists.
Except in cases where splashes or sprays are anticipated, BSL-2 workers are not required to wear a face mask, safety glasses, or a face shield, and thus have no barrier between the hands and face. Although no studies have formally evaluated hand-to-face contact among BSL-2 workers, there is evidence that workers may touch their faces multiple times per hour in the laboratory (Collins, 1999; Flewett, 1980) . Workers' strict adherence to both the frequency and quality of HW, therefore, is essential to prevent direct contact transmission. In most LAI cases, it is impossible to determine the route of exposure. However, hand transmission is often suspected in cases involving Risk Group-2 (RG-2) agents (Lewis, 2006; Mermel, 1997; Spina, 2005) , suggesting that workers' hand hygiene practices, in many instances, are insufficient to prevent infection.
The finding that HW quality was lower among participants with a terminal degree warrants further investigation. We were unable to show statistical significance for differences in washing quality by job title, but a similar trend exists in the healthcare industry where higher education is associated with lower hand hygiene compliance (Boyce, 2002) . Behavioral modeling by supervisors is an important predictor of workers' participation in safe or unsafe behaviors, and additional studies are needed to evaluate the influence senior lab members' behaviors have on lab personnel with less education, particularly laboratory technicians and students.
Hand and wrist jewelry is not specifically prohibited in current BSL-2 safety guidelines (HHS, 2009), and little is known about the role of jewelry in hand transmission. Alp (2006) found that pathogens could be isolated from clinical laboratory workers' hands following end-of-shift HW or hand sanitizing, but only among those workers who wore rings, wrist watches, and bracelets during the work shift. We found that workers were more likely to wear some form of jewelry on the hands or wrists than not, suggesting this practice may be common in BSL-2 laboratories. The exposure pathway is unknown in most LAIs, and considering that hand and wrist jewelry has been shown to harbor pathogens among laboratory and healthcare workers (Alp, 2006; Trick, 2003) , it is possible that rings, wrist watches, and bracelets worn in the research laboratory play a role in transmission. Additional studies are needed to evaluate this relationship and to determine if future biosafety guidelines should include a prohibition on jewelry use in BSL-2 laboratories.
This study was limited by the small number of subjects from BSL-2 laboratories at one university in the U.S., and by the small number of workers who actually washed their hands, which made statistical comparisons difficult. HW quality may differ markedly at other institutions, and the generalizability of these findings is unknown. Direct observation, although considered the most reliable metric for hand hygiene studies (Haas, 2007) , may have influenced laboratory workers' behaviors. This study was further limited by use of the modified HAT used to measure HW quality. This instrument has not been validated for laboratory use, and further research is needed to test this instrument for validity and reliability.
The finding of poor quality HW among BSL-2 laboratory workers was not surprising, especially considering the almost universal and routinely discouraging narrative on the behavior, and considering the decentralized, autonomous environment that characterizes the university research laboratory. We were surprised, however, to find such a dearth of information in the literature on direct contact exposures and the role of workers' microbiological practices in the occurrence of LAIs. Further research is needed to understand hand transmission in the laboratory. Most importantly, studies aimed at understanding modifiable physical and social factors within the lab that contribute to workers' poor compliance are needed. Efforts to improve hand hygiene in the healthcare setting are starting to show promising results (Larson, 2000; Pittet, 2000; Zerr, 2005) , and may serve as a template for understanding how to improve behaviors in the laboratory.
